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YOREWORD

This Technical Document Report was prepared by the Fluid Power and Controls
Laboratory of the School of Mechanical Engineering, Oklahoma State University
of Agriculture and Applied Science. The work was initiated by the Research and
Technology Division, Wright-Patterson Air Force Base, Ohio, and accomplished
under contract AF 3.1(657)-9958, Supplemental Agreement No. 2.

This contract with Oklahoma State University was initiated under RTD
Vehicle and Maintenance Branch and is titled "Decontamination of Hydraulic
Fluids and Dynamic Hose Study." It was accomplished under the technical mon-
itorship of Theodore C. Ning, SEG (SEMSM), Air Force Project Engineer, under
the general technical guidance of W. J, Short, Chief, Vehicle and Maintenance
Branch. The work on the project was divided into separate areas, whereby the
responsibility for each area was assigned to different members "orking under
the direction of Dr. E. C. Fitch, Project Director; R. E. Reed, Project Advisor;
R. E. Bose, Project Leader. The individual work assignments were as follows:

Fie]d Sample Collectiot. -- R. E. Bose
Field Sample Analysis -- D. Fincher and M. L. Rogers
Hydroclone Support Studies -- W. T. Wittmer
Filtration Comparison Test• -- J. E. Bose
Hydroclone Verification and Qualification -- W. R. Lynn
General Design Criteria -- B. J. Roberts and J. A. Jones

Dynamic Hose Study -- J. W. Webb, R. Stuntz, and H. Basrai

This report covers work conducted from January 1964 to January 1965 under
contract AF 53(657)-9958, Supplemental Agreement No. 2.
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ABSTRACT

This report includes a description of the installation of the prototype
hydroclone on standard hydraulic test stands as a means of upgrading the decon-
tamination capabilities in USAF ground support equipment. The acquisition of
hydraulic fluid samples from the field installations and the laboratory tests
of these samples are discussed along with a comprehensive technical comment
on the results of the various analyses. A comparison of filtration performance
of the hydroclone and the final filter presently being used on the hydraulic
test stands is presented. Studies on field test units are presented herein
which were conducted to determine the maintainability, compatibility endurance
limits, reliability, and service life of the hydroclone and its critical compo-
nents. A recommended test procedure is presented for the verification of
hydroclone performance and the establishment of qualification requirements for
quantity production. General design criteria curves for optimum hydroclones
are given which can be used to design a hydroclone, using MIL-F-5606 hydraulic
fluid, to separate Qpecific sizes and densities of various contaminants found
in USAF ground support equipment. A unique method for the dynamic testing of
high pressure hose assemblies and the cleaning of new hose assemblies is pre-
sented along with the contaminant generating characteristics of high pressule
hoses constructed of various materials.

This report has been reviewed and is approved:

JC.Scott
Chief, Systems Support Division
Directorate of Crew & AGE Subsystems Engineering
Deputy of Systems Engineering
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SECTION I

INTROIYJCTION

The research conducted under Supplemental Agreement No. 2 of contract
AF 55(657)-9958 had the objectives of determining (1) the suitabiiit: and
capability of a hydroclone of optimum configuration on a hydraulic ground
cart and (2) the contaminant generating characteristics of two commercial
high pressure hose materials used on hydraulic ground carts. The results of
the initial hydroclone contract at Oklahoma Stb,.e University indicated thac
a highiy desirable decontamination device was offered by a hydroclone of opti- I
mum configi-ation. These results were derived from an extensive laboratory
program on the basic parameters associated with vortical separators. Since
the laboratory program could not reveal the performance of the hydroclone when
applied to a system with service contaminant, an extensive field test program
was deemed necessary. Furthermore, a field test program was needed to insure
that a hydroclone was compatible with base level systems and that the vortical
field effects on the fluid were not detrimental. In order to extend and sup- I
plement the parameter studies completed on the initial contract for a 30 gpm
hydroclone, a comprehensive parameter study was conducted to obtain e general
design criteria for a family of hydroclones with different flow rates, pres-
sure drops, and dirt holding capacities.

In order to implement this field program, a Test Plan was established and
approved whereby field studies were schduled at Edwards AFB, California, and
Tinker AFB, Oklahoma. This program involved the installation of a hydroclone
kit at each Base and monitoring the hydroclone performance capabilities by the
collection and evaluation of fluid samples. The hydroclone kits consisted of
the prototyre hydroclone developed during the first year of the contract and
associated sample valves, hose fittings, and mounting brackets. The develop-
ment of field sampling techniques were required as well as the verificaticn
of fluid sample analysis techniques.

The laboratory program consisted of performing a new series of parameter
studies using hydroclones ranging in size from 0.75 to 1.50 in. in diameter
and flow rates from 5 to 50 gpm. This laboratory phase required the verifica-
tion of the optimality of the 50 gpm prototype hydroclone and a comprehensive
experimental extension of the optimum configuration for various flow rates.
This program represented a major part of the work of Supplemental Agreement
No. -2 of contract 55 (657)-9958.

The test program to determine the contaminant generating characteristics
of high pressure hose assemblies required the establishment of techniques
whereby the results would be acceptable to all parties concerned. The pro-
posed technique for obtaining quantitative information on the generation rate
of contaminant from hose materials was by pulsing a liquid-filled hose sample.
It was assumed that the subjection of materials to such dynamic conditions
would be comparable to the conditions experienced in field operations. The
complete test facilities were designed and constricted which ntcessitated a

Manuscript released (December, 1964) for publication as aT! RTD Technical
Report.



major analytic and experimental effort. The dynamic hose test facility con-
sisted of an electro-hydraulic servo valve controlled by a signal generator
which operated matched hydraulic cylinders that created the pressure pulses.
The evaluation of the generated contaminant was made in the Oklahoma State
University clean roc'. Both gravimetric and microscopic evaluations were per-
formed on fluid samples obtained from static and dynamic tests. The static
tests gave the amount of built-in contaminant and the dynamic tests gave the
amount of generated contaminant.

The studies reported heroin represent the work performed from January j,
19 64, through January 5, 1965. The hydroclone field program involved approx-
imately nine months of work, and the hose study extended over the entire con-
tract period.



SECTION II

HYDROCLONZ FIELD INSTALLATIONS

A. INTRODUCTION

The prototype hydroclones designed and constr., ed under contract No.

AF 5W((5().-9r78 were instailed at two Air Force Bases to determine the

suitability of a hydroclone of opt:imi confiW.iration for the decontamina-
tion capabilities of standard hydraulic test stands. The application oi

hydroclones to ground service carts requires special consideration troan
an operation point of view in order to verify the compatibility of the
hydroclone with the rest of the system and to establish the unit's general

reliability. The prototype hydroclone required an extensive field test
program to demonstrate its practical significance and such a field program

had to be comprehensive in nature and conducted under actual operating
conditions. For example, the hydroclone had to be extensively tested by
using serwice-generated contaminantg rather than conventional laboratory-

type contaminant (AC test dust).

The prototype hydroclones which were designed for optimum performance

at a flow rate ot z( gpm were installed on hydraulic test stands Lh,:i were
theoretically capable of delhvering the required flow rates. The hydro-
clones were installed so that operation of the hydraulic test stands was
not hindered during normal flushing use at the particular Air Force Bases.

B. INSTALlATION

Hydraulic test stanos at Tinker AFB, Oklahoma and Edwards AFB,
California were designated as the Air Furce Bases where the prototype
hydrcclones weue to be installed. The test stand used at Tinker AFB was
a portable gasoline engine driven hydraulic test stand, Type KJ-l, designed

to deliver ',0 gpm flow at ýýXJ) psi pressure. The hydraulic test stand is
used by the Air Force for ,round checking and maintenance of aircraft

hydraulic syste•s. The stand can be used to flush or titl the hydraulic
system independent of the aircraft pumps using filtered hydraulic fluid.
the test stand used at Edwards AFR was a portable gasoline engine drivmn
hydraulic test stand, Type KJ-;', designed to deliver • gpm at 'YK psi

pressure.

The hydroclones that were installed on the hydraulic test stands were.
included in a kit which contained the necessary plumbing for the mounting
of the hydroclone on the particular hydraulic test sLards. The prototype
hydroclone kite were composed of the hydroclone proper, sample valves
upstream and dtcnstream of the hydroclone, a mounting bracket, two five
toot lengths of size It, high pressure hose assemblies, replace-ment seal,,
and the necessary tools to install the unit on the test stand.

The hydroclone was mounted on the side opposite the control panýl at
the year ot the test stand and accessible to the high pressure irýw iir,'

of the hydraulic test stand. (See Figures 1 and .".) The high ,71'ebsure
bose "A" that normally was k.onnected to the inlet of the hl.h pressure
ftiter was reconnected to the inlet. of the hydroclone. The high pressure
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Figure 1. Installation of the Prototype Hydroclone Kit at Tinker
Air Force Base, Oklahoma.
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"B" provided in the hydroclone kit was connected between the outlet of the

hydroclone and the inlet to the high pressure filter. During the test
periods, the hydraulic fluid was pumped from the hydraulic test stand res-
ervoir by the low pressure boost pump through a 10 micron low pressure
filter. (See Figure 3.) The fluid from the low pressure filter continued
through the high pressure pump, a high pressure 10 micron filter. and the
flow control valve. The fluid then passed from the flow control valve
through the hydroclone, high pressure final filter, and then to the air-
craft. The hydraulic fluid from the aircraft was pumped through the suc-
tion return inlet to the reservoir. During the senple collection pariods,
the high pressure hose, normally connected to the aircraft, was disengaged
and connected to the low pressure return line.

6
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SECTION III

FIELD SAMPLE COLLECTION

A. INMODUCTION

The determination of the hydroclone's performance based on laboratory

analysis was quite extensive as evidenced by the final technical report
RTD-TER-63-4262 prepared under contract No. AF 33(657)-9958 by Oklahoma
State University. However, the hydroclone's performance from field tests
was needed to fully evaluate the hydroclone's capabilities under actual
operating conditions. In order to evaluate an experimental unit of this
type at various Air Force Bases, it was necessary to determine the amount
of contaminant per unit volume of fluid, the number and size of the con-
taminant, and the type of contaminant that is prevalent in the system.
Therefore, samples of fluid were acquired before the fluid entered the
hydroclone and after the fluid left the hydroclone to determine the effi-
ciency of the experimental unit. These samples of fluid were also used
to determine the size. number, and amount of contaminant present before
and after the fluid passed through the filtering unit.

The evaluation of fluid samples that are representative of the system
under investigation was performed under pseudo-clean atmosphere so that
the results of the tests would be meaningful. Perhaps the most importtat
requirement was the cleanliness needed in the washing and packaging of
sample containers that were transported to the field installation site
and used in the collection of the fluid samples. Groups of sample bottles
cannot be absolutely contaminant free but they can be cleaned to a spec-
ified known level and this "tare" or remaining contaminant can be sub-
tracted from the number and size of particles found in the field samples
after evaluation. This specified level of known size must be below the
absolute rating of the experintental unit undergoing field tests. The sam-
ple containers must be sealed after the cleaning so that contaminant from
the surrounding environment cannot enter the container when transported
tn the field installations.

The equipment used for the extraction of the fluid from the system
to the sample containers wav. designed to minimize contaminant retaining
orifices that would reduce flow as a result of "silting" and consequent
ftltering of the fluid that is being collected. The sample valves used
to direct the fluid from the main flow line to the sample container were
located at poirts where homogeneous solutions of fluid and contaminant
were representative of the system's contaminant level. The introduction
of contaminant into the sample bottles was minimized by washing down all
components that came into contact with the sample containers during the
collection period. The valves were flushed before taking a fluid sample
and not adjusted throughout the collection period.

B. FIELD SAMPLE COLLECTION

1. Fluid Sale Container Cleaning and Packaging

The containers chosen for field sample collections were 500 ml glass
screw cap bottles. The glass bottles were chosen for several reasons:

8



glass bottles were easier to clean to a specified low contaminant
level, and approximately 500 ml of fluid was needed to perform the
various tests on the fluid sample. The various tests periormed on
each sample were: viscosity reading, gravimetric analysis, particle
count, and a microscopic examination of the contaminant in the fluid
sample. The viscosity readings were needed to determine the effect of
vortical fields produced in the hydroclone upon the viscosity. Par- |
ticle counts of the upstream and downstream samples were used for the
determination of the units separation efficiency while the gravimetric
analysis determined the weight of contaminant before and after the
fluid passes through the hydroclone. A microscopic examination of the
contaminant collected on a filtrate pad was needed to determine the
different types of materials found in the system such as metallic and
fibrous particles. A 500 ml sample of fluid gave a sufficient amount
of fluid for all the tests needed to evaluate the hydroclone perform-

ance in the field program.

The 500 ml screw cap bottles were the type with the small neck
in order to expose the smallest area to external contaminant. The
bottles and their caps were ultrasonically cleaned in a detergent solu-
tion to remove any residue and contaminant present in the bottle. The
bottles and caps were rinsed with hot water to remove the detergent
and set upon a rack to drain. They were then transported to the clean
room where sub-micron filtered alcohol was used to flush any water
that might be present in the bottles. The bottles and caps were then
flushed with sub-micron filtered petroleum ether, Type F, to remove
any contaminant. A four-inch square of polyethylene film 4 mils thick
washed in sub-micron filtered petroleum ether was placed over each
bottle neck and fastened with several rubber bands and the caps imme-
diately screwed on tight. A small amount of petroleum ether was left
in each bottle to provide vapor so that contaminant from the air would
tend to be repelled when coming near the neck of the bottle. Nine
sample bottles prepared in this manner were taken on each sample col-
lection trip. Four samples upstream of the hydroclone were taken and
four samples downstream of the hydroclone were taken while the ninth
sample bottle was used for the determination of the contaminant level
of a system that did not have a hydroclone.

2. Sample Collection Equipment

The equipment used for the sample collections consisted of the
sample bottles described above and the sample valves located before
and after the hydroclone unit. The sample valves were composed of
three items: 1) A round-nosed probe extending into the main fluid
stream located in the center of the main line, 2) a 1/8-in. ball
valve for regulation of flow from the main line into the sample bottle,
and 3) a I/8-in. seamless tube sharpened at one end to dirict the
fluid from the sample valve into the sample bottle. Orifices were
placed in the sharpened exterior probes so that the ball valves could
be fully opened, thus eliminating the crescent-shaped orifice that
results when the ball valve is slightly opened. (See Figure 4.)
When high pressure systems are sampled and flow is directed through
a slit or A small annular opening, flow will decrease due to "silting"and filter the fluid as the sample is collected. If the system is
relatively dirty, flow will even cease because of the contaminant

9
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Figure 4. Field Fluid Sampling Apparatus.
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blocking the opening. However, the systems that were sampled in the
hydroclone field tests were relatively clean and at a pressure of 450
psi or lower, thus "silting" was not considered a problem in these
tests. The pressure of 450 psi was the drop across the unit at max-
imum flow while the fluid was being circulated through the test stand
during the sample collection period.

The collection of the fluid samples using the above described
equipment is briefly given below:

(a) The high pressure hose normally connected to the aircraft during
flushing operations was connected to the suction return line of
the hydraulic test stand.

(b) Fluid was pumped through the hydroclone at 5 gpm and a sample
taken upstream of the hydroclone after the sample valve had been
washed with a sub-micron filtered solvent and thoroughly flushed
by draining a pint of fluid without adjusting the valve.

(c) The flow control valve was then fully opened allowing maximum
flow through the hydroclone and opening both sample valves.

(d) Sanples upstream and downstream were taken simultaneously until
the required number of samples, four upstream and four downstream,
were collected.

Since the flow rates normally used for flushing operations were
between 5 and 10 gpm, the first sample collected upstream of the hydro-
clone at a 5 gpm flow rate would represent a system that did not have
a hydroclone.

C. EVALUATION OF SAMPLTNG EQUIPMENT

The equipment used for the collection of fluid samples from the field
installation where the prototype hydroclones were being field tested is
satisfactory for both field and laboratory results.

The method of sealing the sample bottles with a polyethylene film to
keep out airborne contaminant gave very good results over the previous
method of open sample bottles that were used in earlier field sample col-
lection trips. Extrome care is not required when transportation to remote
areas and relatively dirty environments are encountered. Perhaps the only
"bad point" of this method is that although the probe that punctures the
film covering of the bottle is washed with a sub-micron filtered solvent,
it is still possible that contaminant from the air will stick to the probe
and enter the bittle when the samples are taken.

III



SECTION IV

FLUID SAMPLE ANALYSIS

A. INTRODUCTION

Three methods of analysis were performed on the fluid samples that
were collected in the prototype hydroclone field tests so that a compre-
hensive evaluation of the experimental unit would be accomplished. The
three methods of evaluation were: 1) a gravimetric analysis of the fluid's
contaminant, 2) a particle size distribution of the contaminant present,
and 3) a microscopic examination of the contaminant. A comprehensive
evaluation of the samples waa necessary in or4er to determine the weight,
number, size, and type of particle* since the hydroclone's theory of oper-
ation is based on the fact that the density of the particles must be
greater than the density of the hydraulic fluid if an effective separation
is to occur. The establishment of the separation characteristics for a
wide range of particle densities such as iron, bronze, cotton, paper, and
other service contaminants was needed to fully evaluate the performance
of a hydroclone on a standard hydraulic test stand.

A gravimetric analysis of the fluid's contaminant before and after
it flowed through the hydroclone was needed to determine the separation
characteristics for service-generated contaminant. A particle count on
the fluid upstream and downstream of the hydroclone was needed to deter-
mine the efficiency of the unit under field conditions and the distribu-
tion of serice-generated contaminant. A microscopic examination of the
fluid's contaminant was performed to determine the types of service-
generated contaminant found in the fluid samples and to give some insight
or correlation between the gravimetric results and particle counts ot the
upstream and downstream fluid samples.

B. TEST PROCEDURE

1. Gravimetric Analsi

The determination of the weight of contaminant per unit volume
or gravimetric anslysis was performed in the Fluid Power and Controls
Laboratory's cleat room located in the Mechanical Engineering Laboratory
All *quipment used in the analysis of these samples was cleaned in an
ultrasonic tank using a standard solvent and rinsed with hot water
before being rinsed with sub-micronic filtered standard solvent. The
following procedure was used for determining the gravimetric analysis
of the fluid samples that were taken from the prototype hydroclone
during the field test program:

(a) A filter pad was placed in a glass petri dish and heated in a
vacuum oven to remove moisture.

(b) The pad was then placed on an analytic balance and weighed.
(c) The pad was placed on a vacuum filter press and a measured vol-

ume of the fluid sample was filtered.
(d) A standard sub-micron filtered solvent (petroleum ether) was used

to wash down the periphery of the pad and the walls of the filter
press funnel.

12



(e) The pad was removed to a vacuum oven and heated to evaporate all
moisture.

(f) The pad was then weighed again.

The amount of contaminant per unit volume was then determined by
subtracting the initial and tare weight from the final weight. I

2. Particle Count

The number and size of contaminant in the fluid samples were deter-
mined by the use of an HIAC Automatic Particle Counter. The fluid sam-
pi bottles could be attached directly to the particle counter thus
minimizing the error due to airborne contaminant. The path of the
fluid sample was purged with sub-micron filtered solvent before each
sample was evaluated on the counter. The particle count registers
were calibrated at 6, 1i, 15, and 20 microns prior to each group of
samples to be tested. Air pressure was applied tc the samples and
regulated to control the flow through the counter. Three sets of counts
for each fluid sample were made and the average of these counts was
recorded as the number of particles per unit volume of fluid.

. Microscopic Examination

The microscopic examination to determine the separation charac-
teristics of particles such as iron, bronze, cotton, paper, and other
service contaminants was conducted in the clean room of the Fluid Power
and Controls Laboratory. The filtra'e pad was scanned using a 100
power magnification on the microscope and recording the largest parti-
cles found in the various categories of materials.

C. RESULTS OF ANALYSTS

1. Gravimetric Analysis Results

The results of the analysis obtained from the field sampleb taken
at Edwards AFB are most encouraging from the standpoint of using hydro-
clones for upgrading the decontamination capabilities of the hydraulic
system in USAF ground support equipment. Even with the low flow rates
that were used for flushing the various systems of the aircraft, the
hydroclone was able to reduce the contaminant to a constant level and
mairtain this level throughout the test program. The gravimetric
results from the tests conducted at Edwards AlF in order of which they
were obtained are as follows:

Upstream Downstream Difference
Sample M L/IL P IL Mg/L

1 51.6 10.6 21.0
2 35.9 10.9 23.0
3 15.2 12.5 2.7
4 11.7 11.2 0.5
5 8.6 8.6 0
6 12.3 11.2 1.1
7 7.9 11.0 -5.1
8 10.2 10.2 0

15



The negative difference shown for fluid sample number 7 can be
attributed to either an error in the analysis procedure or the fact
that the sample bottle was not clean prior to the fluid sample. The
tests were cnnducted at 2k.8 gpm which was the maximum flow rate that
could be achieved from the hydraulic stand and were taken by connect-
ing the outlet of the high pressure filter to the return line of the
hydraulic test stand. Therefore, the samples were collected by cir-
culating the fluid within the hydraulic test stand proper and this
accounts for the fluctuating readings as the fluid samples were taken.
In effect, the flushing of the test stand reservoir and system was
being accomplished as the fluid samples were taken. It would almost
be impossible to collect fluid samples during flushing operations of
an aircraft because of the intermittent flows that are used. The tests
indicate that the hydroclone will reduce and maintain the contaminant
level of the fluid below 11.2 ag/1 at 2 4 .8 gpm. Based upon laboratory
studies, it has been verified that a significant reduction in the con-
taminant level would be achieved if the flow rate was 50 gpm which
must be obtained for optimum separation efficiency with the prototype
hydroc lone.

The cesults of the analysis of the field fluid samples obtained
at Tinker AFB, Oklahoma were not as good as the results obtained at
Edwards AFB. The microscopic analysis of the samples from Tinker AFB
showed a tremendous number of small particles below 5 microns that
were olive green in color and would not settle out in the fluid. The
majority of the field fluid samples was taken after the hydraulic
test stand had been completely overhauled. Consequently, since Tinker
AFB maintenance personnel mainly use the Sprague hydraulic test stand
Model 1127-100 which is capable of delivering 0 gpm maximum flow, the
hydroclone was not subjected to many hours of operation. In fact, in
the last two months of the testing program, only 0 hours of operation
were recorded; and a large percentage of those was recorded by OSU
personnel acquiring fluid samples. & partial list of the gravimetric
analysis results from the tests conducted at Tinker AFB in the time
order that they were obtained is as follows:

Upstream Downstream Difference
sample L ML MgJL

1 5: . .t. .

10J,,

12 t_.1 1 5 J.-1.:

', IC.). "f I14. - - N

The results that are shown above were taken over a period of .
days with only 6 hours of actual operating time cm the hydraulic test
stand. The gravimetric analysis of the samples sho-s that the con-
taminant leve, of the hydraulic test stand was reduced from 53.v) mg/i1
to around 10. mg/l and maintair.ed at this level. The negative dit-
*rence readings of the upstream and downstream samples cAr be attributed
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to test procedure errors or "dirty" sample bottles, but the results
do show the contaminant level of the hydraulic test stand.

The gravimetric analysis of the samples obtained trom Tinker AFB
and Edwards AFn shows that hydroclones will reduce the contaminant
level of a hydriuli.c system to a certain level and maintain this level.
This reduced constant contaminant level depends upon the percentages
of the various types of contaminants that are present in the system.

2. Results of Particle Cotmts

The separation efficiency of the prototype hydzoclone as deter-
mined by using the particle counts from the field samples gave no
indication o: the hydroclone performance. Gravimetric data and corre-
sponding particle count data from several of the samples taker at
Tinker APB and d'dwards AVE are as follovs:

Gravimetric Analysis, Mg/L

Before After Microns Before After

(1) 31.6 10.6 6 3523 7636
11 1117 5020
15 105 262
20 47 121

(2) 12.5 11.6 6 1591 2514
11 194 605
15 52 08
20 16 553

The gravimetric analysis of these samples clearly indicated that
excellent separation occurred whercis the particle count increased for
the specific micron sizes. A microscopic examination of the fluid
samples indicated the presence of water in the hydraulic fluid. The
results of laboratory research performed at Oklahoma State University
have shown that particle counts are mucb higher when water is present
in the hydraulic fluid. Similar results havy been achieved by Lhe
NASA group at Oklahoma State University in their study of sampling
techniques and also by manufacturing representatives of the HIAC
Particle Counter. Furthermore, it has been shown that water present
in the hydraulic fluid and forced through the hydroclone is finely
divided into many smaller particles thus displaying more particles
downstream than upstream. The presence of water will not appear in
the gravimetric weight since the pads are heated in a vacuum Yven in
the process of determining the gravimetric analysis. In future tests
where the particle count of the fluid samples is needed, the samples
will be placed in a heated environment at a predetermined temperature
and with a vacuum applied to the fluid ample to boil off any water
that is present in the hydraulic fluid. Particle size distribution
curves for laboratory and field samples are given in Figure 5.

5. Microscopic Analysis Results
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An examination of the filcrate pads from the field samples showed
that essentially all large particles were fibers of cotton and paper.
A complete list of the largest particles of various materials found
in the fluid samples is given in Table 1. i

TABLE 1

LARGEST PARTICLE SIZES IN FIELD

SAMFLES , MICRONS

Tinker AnB Edwards AnE

Up Down Up __

Iron none observed above 5 microns

Bronze 200 -------
B 500, 500, 500 AO-

4000 o 300 300, 100 6,Paper 400, 200, 100 10102200
200, 200, 500 100" 100 200, 200

Fiber
200, 200, 150 6600, 100, 200(a) Plastic 200, 200, 100 25, 300, 50 500, 200, 300 100, 100, 100
50 0 '75, 50 200, 100 100, 200, 100

50

(b) Cotton none observed above 5 microns

Carbon 25, 25 50 100 30 200
50

I'I

0100, 50, 25 150

100



SECTION V

FILTRATION COMPARISON TESTS

A. INTRODUCTION

A test program to compare the filtration characterist'cs of the
Oklahoma State University hydroclone prototype and a ccoventional filter
conforming to Air Force Specification MIL-F-27656 was an integral part
of the current contract. To help understand the difficulty in making
such a comparison, an outline of the coumarable characteristic' of the
hydroclone and filter is preserted.i- in-Ta•ic 2.

TABLE 2

CCOMPARABLE UNIT CHARACTERISTICS

Characteristic Filter Hydroclone

1. Dirt Holding Capacities Limited by unit size Large

2. Micron Rating Absolute or nominal Nominal-dependenton contaminant density

3. Cleanability Not at air base level Cleaned anywhere

4. Reliability Plugs by nature of Non-plugging
its function

Flow-Pressure Relation- Low initial pressure High initial pressure
ship drop, increases with drop, constant withloading loading

Requires constant flow
6. Compatibility Variable flow rate rate for optimum sepa-

ration

High initial, expen- Low initial, main-
7. Cost sive maintenance tenance negligible

Short interval, rou- Long interval, routine
8. Maintenance tine change of ele- cleaning of collection

ments chamber

Low ratio of dirt High ratio of dirt
capacity to unit size capacity to unit size

An examination of this table indicates that no general comparison can be
made since the hydroclone principle of filtration varies considerably from
that of a conventional filter. A close study of this table clearly
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indicates that if the factors influencing the selection of a filtration
unit are limitless dirt holding capacity, low initial cost, excellent
cleanability, removal or normal contaminants generated with a hydraulic
system (iron, copper, brass, etc.), then the hydrocnýe tLheory of filtra-
tion will provide a very excellent means of fl!trotion. On the other hand,
if the selection is to be based on the absolute separation of low density
particles such as cotton and paper fibers then a filter conforming to
Air Force Specificattoa MIL-F-27656 provides an excellent means of filtra-
tion. However, associated with this filter are the ever present praubi•.
of ieconditioning (recleaning, bubble point, packaging, etc.) and short
interval ioutine changing of filter elements.

With these thoughts in mind, a comparison test program was designed
to supplement the facts presented in Table 2 which was compatible with
standard filtration evaluation tests set up by various government organ-
izations. One of these standard tests is the Air Force Specification
MIL-F-27656 which is the lualification procedure for an absolute 5 micron
hydraulic filtration unit.

B. COMPARISON TEST PROCEDURE

Before an extensive efficiency study could be made, a test procedure
had to be designed to assure realistic and repeatable results. The test
program conducted was patterned after the hydroclone performance test pro-
gram. The hydroclone test program was basically one of determining the
contaminant removal efficiency of the unit by sampling both upstream and
downstream of the hydroclone when subjected to a system loaded with arti-
ficial contaminants. All efficiency tests were made in the following order:

1. Before any test was started, the hydraulic fluid was circulated through
control filters until a steady state value of particle count background
had been obtained.

2. Once the background of the system had been reduced to this level, the
unit to be tested was placed in the test section.

3. The test temperature of the hydraulic fluid was set and maintained at
100 * 20F.

4. Viscosity of the oil was determined and was within the acceptable range
as required by Air Force Specification.

5. Iso-kinetic samplers were then placed directly upstream and downstream
of the filter element.

6. Artificial contaminant was then mixed into a slurry by applying ultra-
sonic vibration to the oil and contaminant mixture.

7. This slurry was then mixed with three gallons of prefiltered hydraulic
oil and placed in the injection chamber which had been previousiy
cleaned and flushed with prefiltered hydraulic oil.

8. The injection time was then set for 10 minutes.
9. Hydraulic fluid was circulated (30 gpm) through the test element and

500 ml fluid samples were taken both upstream and downstream of the
filter element before contaminant injection was started. After the
contaminant injection was in progress, fluid samples were then taken
simultaneously from both upstream and downstream samplers of the test
unit at 2 minute intervals for 10 minutes and then every 5 minutes

for 20 minutes.

C. COMPARISON TESTS
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Tests were performed on both units using contaminants specified in
Air Force Specification MIL-F-27656. These contaminants were standardized
coarse air cleaner (AC) test dust and carbonyl iron E. The following tests
were performed on the hydroclone and filter element:

Test No. 1
S~This test consisted of mixing 10 grams of carbonyl iron E in a slurry

mixture and injecting this amount upstream of the filter element during a
lO-minute injection period. The results of this test are given in Table 3.

_ Test No. 2

Test No. 2 consisted of placing the prototype hydroclone in the test
section of the hydraulic stand and subjecting it to the same contaminant
mixture as specified in Test No. I. The results of this test are given
in Table 4.

TABLE 3

Origin of Sample - Filter Conforming to Air Force Specification MIL-F-27656 -

Contaminant Carbonyl Iron E

PARTICLE COUNT ANALYSIS (HIAC)

Particle Diameter IParticles Above Specified Diameter

(Microns) Upstream Avg. Downstream Avg. Efficiency

3 minutes

6 9,148 530 94.2%
3o 195 61 Q4.6%

15 16 2 87.5%
20 12 1 91.7

6 minutes

6 16,949 356 97.9%
10 1,385 92 95.3%
15 156 1 67
O 20 0 100 %

9 minutes
iI

6 15,602 0 loo %
10 1,199 0 100%
15 21 0 100%
20 11 0 J 100%

GRAVIETRIC ANALYSIS

Upstream Downstream

Test No. 1 12.6 g/Il 10.6 mail

Test No. 2 30.6 ma/l 12.2 mg/l
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TABLE 4

Origin of Sample - Prototype Hydroclone - Contaminant, Carbonyl Iron E

PARTICLE C(OUNT ANALYSIS

Particle Diameter Particles Above Specified Diameter

(Microns) Upstream Avg. Downstream Avg. Efficiency

6 7,861 573 92.7%
10 300 0 100 %
15 5 0 1005
20 2 0 100%

6 16,188 41 99.7%
10 1,199 0 100 %
15 21 0 100 5
20 11 0 100 5

6 12,481 91 99.7%
10 851 0 100%
15 17 0 100%
20 8 0 100%

GRAVIMETRIC ANALYSIS

Upgtream Dowtrn jJ

19.6 mg/J 7.3 mg/l

Test No.

Test No. 3 consisted of mixing 20 grams of standardized coarse air
cleaner (AC) test dust in a mixture of MIL-F-5606 hydraulic oil and inject-
ing this amount of contaminant upstream of the filter element during a 10-
minute injection period. The prototype hydroclone was then r hecked in the
same manner. The results of these two tests are given in Table 5.

TABLE 5

GP WINCTRIC ANALYSIS

Origin of Sauple Filter Conforming to Air Force Specification MIL-F-27656 -

Contaminant AC Coarse Test Dust

Upstream Downstre i

21.7 m9/1 14.2 .a/l

30.6 vg/l 12.2 ma/l
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2L&in of Sample - Prototype Hydroclone - Contaminant, AC Coarse Test Dust

Upstream Downstream

22.2 mg/l 9.2 mg/i

S D. RESULTS AND CONCLUSIONS

In this section representative data from both filtration units show
excellent results with both contaminants used. These results will be dis-
cussed in this section of the report.

Test No. 1 consisted of injecting 10 grams of carbonyl iron E during
a 10-minute period upstream of the filter unit. The particle count effi-
ciency of this test is given in Table 3. A close examination of these
results shows that the efficiency drops in the 10 and 15 micron sizes.
This decrease in efficiency of the filter unit in the 10 micron and 15
micron range can be attributed to the lower number of particles being
counted in these size ranges. The somewhat higher efficiency at the 6
micron range may be attributed to the higher number of 6 micron particles
available in the artificial contaminant. With this high number of parti-
cles being injected, errors due to sample preparation and bottle cleanli-
ness are minimized. The somewhat unexpected lower efficiency in the 10
micron, 15 micron and 20 micron ranges may be attributed to the lower
number of particles being counted in both the upstream and downstream
samples. To make a more exact study, a higher number of particles in
these size ranges should be added to the standard contaminants in order
to minimize errors due to residual contaminants in sampling equipment.

Examination uf the efficiency results given in Table A for the three
periods of sampling indicate an increase in efficiency of the filter unit
as it collects contaminant. This is understandable in that the filter is
gradual'y becoming more efficient as the contaminant builds up around the
filter element.

Results using the prototype hydroclone with carbonyl iron E as con-
taminant (see Table 4) show that the efficiency of this unit is as good
a filtration unit as the filter with which it was compared. The effi-
ciency of the hydroclone remains constant with respect to time under the
conditions as set forth in the test procedure.

Gravimetric results of both units using carbonyl iron E as a con-
taminant clearly show that the hydroclone is the better filtration unit.
Gravimetric results are the result of passing the contaminant through the
filtration unit only once and do not represent the filtration unit's
capacity as a function of time. The downstream analysis of the hydreclone
was 7.3 mg/l as compared with 10.6 mg/i and 12.2 mg/l for the filter.
Similar results have been obtained in the field testing program, which
was part of this contractural agreement. The hydroclone theory of opera-
tion is based on the ability of the unit to separate particles whose
density is greater than the fluid in which they are entrained. Carbonyl
iron E, which was used for this test, is such a contaminant and verifies
the results of the field and laboratory data. Some question may arise
since the efficienzy of both units is comparable, but the gravimetric
results are not comparable. This can best be explained by careful
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consideration of the hydroclone theory of operation. Although the abso-
lute efficiency of the hydroclone unit may only be 5 microns, any smaller
particle whose density is greater than that of the fluid will have a cer-
tain effective separating efficiency. It is, therefore, safe to assume
that particles less than 5 microns have a significant separating efficiency
with the hydroclone. Also, if the contaminant used has a number of pirti-
cles of smaller size than the unit is rated, a somewhat higher gravimetric
result will occur on the filter. This higher figure may be attributed to
the large number of particles smaller than the absolute rating of the unit.
Such was the case with the filter tested. Gravimetric results given in
Table 3 indicate that,as the concentration of contaminant upstres is
increased from 12.6 mg/l to 30.6 mg/l, the downstream gravimetric analysis
increases from 10.6 mg/l to 12.2 mg/l for the filter.

Gravimetric results using standardized coarse (AC) test dust are pre-
sented in Table 5. The downstream analysis of the hydroclone was 9.2 mg/1
as compared with 14.2 mg/l and 12.2 mg/l for the filter unit. However,
the downstream gravimetric results did not increase with an increase in
upstream concentration as with the carbonyl iron 2 contaminant. This may
be attributed to the size distribution of the (AC) coarse test dust.
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SECTION VI

LABORATORY AND FIELD SUPPORT STUDIES

A. INTRODUCTION

The laboratory and field support studies that were performed in con-

junction with the field testing of the prototype hydroclone were: 1)

hydroclone compatibility with the standard hydrauiic test stand systems;.
2) hydroclone vortex field effects on the hydraulic fluid used in the
system; 3) the determination of the endurance limits, reliability, and
service life of the critical hydroclone components; and 4) the verifi-
cation of the maintainability of the hydroclone.

The introduction of new equipment into a system that is presently
used for flushing aircraft systems always raises the question of whether
the new equipment is compatible with the system that it is installed
upon. To be compatible, the new equipment must be able to perform its
designed function and not interfere with the normal procedures and opera-
tions of the hydraulic test stand.

Because of the large centrifugal forces and high shear stresses
applied to the fluid as it passes through the hydroclone, a study was
conducted to determine whether the hydroclone vortex field would have an
effect on the hydraulic fluid used in the test stands. A long range
record of the viscosity was needed from the field test program to deter-
mine if any changes in the viscosity of the hydraulic fluid occurs as a
result of introducing the hydroclone in the hydraulic test stand system.

The erosive acti-n of contaminant entrained in the hydraulic fluid
upon the critical components of the hydroclone could result in the damag-
ing of the components and considerably reduce the separation efficiency
of the hydroclone. The critical components that are susceptible to erosive
action in the hydroclone are: 1) the inlet or vortex ring, 2) the cone
liner, and 3) the overflow nozzle. A field study was necessary to deter-
mine what effect service contaminant had upon the critical components.

The determination of the maintainability of the hydroclone from field
tests was mainly a task of observing the unit under test conditions and a
periodic inspection of the hydroclone components throughout the test pro-
gram to determine wear characteristics.

B. LaATORY AND FIELD SUPP(OT TEST PROCEURES

1. Hydroclone Compatibility

The determination of the aompatibility of the hydroclone with the
standard hydraulic test stand system consisted of observing the hydro-
clone during flushing operations and discussions with personnel who
use the hydraulic test stands for various purposes such as flushing
aircraft hydraulic systems, filling the systems with aicronically
filtered hydraulic fluid, and providing a source of hydraulic pressure
for testing hydraulic systems and components.
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2. Hydroclone Vortex Field Effects

Each group of fluid samples taken at Edwards AFB and Tinker AFB
was analyzed at the Oklahoma State University Fluid Power and Controls
Laboratory to determine the viscosity of the hydraulic fluid. A
Brookfield Synchro-Lectric Viscometer was used to determine the vis-
cosity of the groups of samples from the field installations.

3. Endurance Limits, Reliability, and Service Life of Hydroclone Critical
Components

The test procedure for evaluating the endurance limits, reliabil-
ity, and service life of the hydroclone critical components consisted
of a periodic inspection of the inlet ring or nozzle, cone liner, and
overflow nozzle. The prototype hydroclone located at Tinker AF3 was
chosen since it was relatively near the research laboratory and could
be returned after an examination of its critical components.

4. Hydroclone Maintainability

Observations of the prototype hydroclone were used for the verifi-
cation tests of the hydroclone's maintainability. A periodic examina-
tion of the hydroclone seals and the amount of contaminant in the
collection chamber was the main part of the test procedure.

C. RESULTS AND CONCLUSIONS

1. Hydroclone Compatibility

In order for a hydroclone to be compatible with a hydraulic test
stand, the flow rate used in the various operations that the test
stand performs must be equal to the flow rate for which the hydroclone
is designed. The flow rates used at Tinker APB and Edwards APB for
flushing procedures were only 1/6 to 1/3 of the flow rate for which
the hydroclone was designed. The tl,,.retical maximum flow rate of
the hydraulic test stand is 30 gpm at a pressure of 3)OO psi. How-
ever, the systems of the aircraft are approximately 5 to 10 9p.,
depending on the aircraft; and flow rates of tho same magnitude are
used in the flushing operations.

Maintenance personnel at Tinker AID and Edwards APR indicated
that if a hydroclone was designed at a flow rate of 15 Spm it could
be used quite extensively in the flushing operations,

2. Hydroclone Vortex Field Effects

The flow rates used in the flushing operations of the aircraft
systems produced pressure drops of only 10 to 50 psi at the corre-
sponding flow rates of 5 to 10 gpm. The viscosity readings from the
different sampling trips varied from one trip to another indicating
that the hydraulic fluid was being mixed as a result of flushing
various aricrafts and adding new oil to replenish leakage that occurred.
The pressure drops that were encountered during the field tests of the
hydroclone were not of 4 large magnitude that would affect the viscos-
ity. Research laboratory tests of pressure drops of several hundred
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times the magnitude as those encountered in the field tests have been
performed with no indication of viscosity changes.

•. Endurance Limits, Reliability, and Service Life of Hydroclone Critical
Components

The periodic examination of the critical. hydroclone components
(inlet nozzle or ring, cone liner, and overflow nozzle) revealed that
the erosive action of the entrained contaminant of the fluid at the
low flow rates did not have any damaging effect on the components.
The anodized surface of the inlet ring and overflow nozzle was not
scored by the action of the contaminant against the hydroclone sur-
faces. With flow rates of only 5 to 10 gpm and corresponding pressure
drops of 10 to 50 psi, the forces exerted on the particles to propel
them to the walls for removal to the collection chamber were of a very
small magnitude; and the resulting ercsive action was trivial.

4. Hydroclone Maintainability,

A periodic examination of the contents of the collection chamber
revealed a small amount of contaminant had been removed in the field
tests. This can be attributed to the fact that a low flow rate was
normally used; and the separation efficiency of the hydroclone was
not optimum. Also, the hydroclone was locatLd in a test circuit that
contained two filters with a 10-micron rating and a filter whose
absolute sepaiation was below 5 microns. Therefore, the hydroclone
was handicapped in respect to collecting a large amount of contaminant.



SECTION VII

HYDROCLONE VERIFICATION AND QUALIFICATION TEST PROCEDURE

A. INTRODUCTION

Several methods of evaluation of a hydroclone's performance have been
used at Oklahoma State Unive:sity both in field and research laboratory
installations. The qualification requirement for a hydroclone is that its
flow rate and pressure drop at a specific fluid viscosity are within the
limits set by a given specification. In addition, the particles from an
artificially injected contaminant (less than or equal to the absolute
rating of the hydroclone for that contaminant) must not appear downstream
of the hydroclone. Therefore, a system that is to be used for the verifi-
cation of hydroclone performance for quantity-produced units must be able
to regulate the floi. background particle size, and temperature and have
some method of determining the size of particles found downstream of the
hydroclone. A filtering system upstream of the contaminant injector must
be able to remove all particles greater than or equal to the rating of the
hydroclone. Several methods that can be used to determine the size of
particles downstream of the hydroclone are: 1) in-line particle counter
such as a HIAC Automatic Particle Counter used at Oklahoma State University;
2) "Bomb Sampling Kit" manufactured by Millipore; and 3) sample valves
and sealed sample containers such as used in the field sample collection
of this hydrocione testing program. Figure 6 shows the three types cf
apparatus used for fluid sample evaluation. The in-line automatic parti-
cle counters give a complete closed system which eliminates error due to
environmental conditions and must be considered as one of the better methods
of evaluation. The "Bomb Sampler Kit" is an in-line sampler that uses a
special sealed packaged filtrate pad and a by-pass system to collect the
contaminant. A microscopic examination of the filtrate pad is used to
determine the size of particles passed by the unit. The method used in
the field sample collection program consists of samplers mounted on the
down3tream side of the hydroclone and bottles cleaned and packaged in a
clean room. This method is not recommended if a clean room is not avail-
able since extreme cleanliness must be exercised in the washing and pack-
aging of the sample containers and the background contaminant level of the
sample bottles must be known. The fluid samples collected by this method
can be counted on an automatic particle counter or can be filtered through
a filtrate pad and the contaminant counted under a microscope.

B. TEST STAND REQUIREMENTS

The requirements of a test stand to evaluate a hydroc~one's perform-
ance are:

1. A high pressure pump large enough to supply the flow rate for the
particular hydroclone to be tested;

,?. A flow control valve to regulate the fluid to the hydroclone within
t % of the rated flow of the hydroclone;

J. A high pressure filter with an absolute rating less than the absolute
rating of the hydroclone;
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4. A method of temperature ccntrc! to maintain the fluid upstream of the
hydroclone at ± 2"F of the specified temperature for the test;

5. A differential pressure measurement instrument across the hydroclone
with an accuracy of 1% of the pressure drop across the hydroclone;

6. A system to inject a contaminant slurry into the main system downstream
of the high pressure filter. The injection system reservoir should
have a capacity of 10 gallons and a continuous method of stirring the
mixture of fluid and contaminant at a rate of 12 revolutions per minute;

7. A flow meter;
8. A method of determining the largest injected artificial particle found

downstream of the sample suh .a an in-line particle counter, in-line
sampler, or a combination of sample valve and sealed fluid cont3iners.

A flow schematic of a test stand using these components is shown in
Figure 7. All three of the methods for the determination of the largest
injected particle described in this section have beer used at Oklahoma
State University in conjunction with a test stand of this type and the
results are comparable.

C. TEST PROCEDIRE

The recommended test procedure using the above test equipment is as
follows:

1. Mix 5 grams of artificial contaminant 4ith I quart of test fluid to
form a slurry.

2. Pour the above slurry into the 10 gallon injectior. reservoir and add
prefiltered fluid that has an absolute rating smaller than the hydro-
clone until the reservoir is filled.

5. Start the motor of the injection reservoir stirring mechanism ar.d
operate 15 minutes before injectio-.

4. Start the injection pump and regulate tie flow to thp main system at
1 gpm.

5. Adjust the flow control valve until the flow through the hydroclone
is % of the rated flow of the hydroclone.

6. Adjust the temperature controller to ± 20F of the test temperature.
7. Record the differential pressure which must be within the upper limit

set by the designer.
8. If steps 5, 6, and 7 are satisfied, then proceed to step 9. If steps

5, 6, and 7 are not satisfied, the hydroclone must be examined to
determine the cause of malfunction.

9. Evaluate the downstream fluid by one of the three methods given below:
(a) in-line counter - No particle larger than the absolute rating

of the hydroclone should appear on the display register.
(b) in-line sampler - A microscopic examination of the filter pad

using8 tne ARP 598 method should reveal no particles larger than
the absolute rating of the hydroclone.

(c) sample valve and sample containers - Evaluate the sample with
the use of an automatic particle counter and/or a microscopic
examination of the filter pad of the fluid sample. The tare of
the sample bottles must be subtracted from the count recorded by
the counters or the ARP 598 count procedure.

The procedure for the operation of the in-line counters and in-line
samplers is provided by the manufacturers of their products.
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D. KVALU&TION O1 TEST PIOCEDURE

The above test procedure and te three different methods of evaluation
were used at Oklahoma State University in the tydroclone evaluation test
program. The results of all three methods were comparable and particles
equal to or larger than the absolute rating of a particular hydroclone were
not found downstream of the hydroclone.

I
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SECTION VIII

GENERAL DESIGN CRITERIA

A. INTRODUCTION

During the period from 27 December 1962 to 27 December 1963, a 1.375
in. prototype hydroclone (a 1.375 in. hydroclone means that the hydroclone
has a cone diameter of 1.375 in.) rated at 30 gpm was developed at Oklahoma
State University. This hydroclone resulted from extensive experimental
work performed under contract AF 33(657)-9958. This program consisted of
a comprehensive study cf both separation efficiency and pressure drop cri-
teria. As an extension of this work, under contract AF 33(65'7)-9958 No.
2, a general design criteria was to be developed for a family of hydro-
clones using MIL-F-5606 hydraulic fluid. These hydroclcnes were to be
designed to operate effectively in the range of flow rates from 5 to 30
gpm.

Since it had previously taken one year to develop one hydroclone, the
problem was how to develop several hydroclones in the same length of time.
It was decided that the wealth of information obtained from the previous
year's work should be used if at all possible. One way to do this would
be to use the 1.375 in. hydroclone as a basis for the design of the family
of hydroclones. To use the 1.375 in. hydroclone as a basis for design,
it had to be determined if the general configuration of this hydroclone
would still be optimum for smaller cones. That is, would the relation-
ships established between the major cone diameter and other critical param-
eters for the 1.375 in. hydroclone be the same for smaller hydroclones.

To determine this, a small hydroclone with the prototype hydroclone
configuration was built and tested. These tests were conducted on the
hydraulic test stand, using injected AC Test Dust as the contaminant to
be separated. Critical parameters such as inlet diameter and overflow
diameter were investigated. Once the hydroclone configuration was deter-
mined, future work then consisted of building several hydroclones and
testing them. The tests themselves consisted of circulating contaminated
MIL-F-5606 through the test hydroclones and determining efficiencies at
several flow rates.

In this section, "efficiency" will be used to describe thb iydroclone
performance in the range above a specified particle size. This is calcu-

* lated by taking thL difference between the upstream and downstream counts
at a specified micron setting and then dividing this value by the upstream

* count. This efficiency expresses what percent of the particles above a
* specified diameter is being separated from the fluid.

B. TEST EQUIPMENT

Most of the equipment necessary to carry out the hydroclone tests was
already available at Oklahoma State University. A brief description of
this equipment follows:

1. Power Test Stand
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Circulation of fluid through the hydroclone is provided by a power
stand (see Figure 8) which consists of a pump, a reservoir, flow meter-
ing equipment, a control panel, and a mount for the test hydroclone.
The reservoir is an elevated tank with a capacity of 120 gallons and
was designed to have all return lines located below fluid level to
reduce aeration. Fluid from the reservoir is gravity-fed to the cir-
culation pump which has a capacity of 30 gpm at 2000 psi. The pump
is a positive displacement-type gear pump and was selected because
its constant delivery characteristic provides a stable, easily regu-
lated flow of fluid into the system. The pump incorporates pressure-
coripensated wear plates which reduce the side clearance of the housing
and hence reduce slippage flow. The pump is driven by a 40 horsepower,
three phase, 1767 rpm electric motor.

From the pump, fluid flows through a .pilot-operated pressure

relief valve which can be remotely adjusted on the instrument panel.
A solenoid-operated, 3-way flow diverting valve receives the fluid I
from the relief valve and diverts the fluid from the test section to

the reservoir in the event a leak or failure downstream should occur.
In the de-energized position of the solenoid valve, fluid flows into
a diverting valve and back to the reservoir; whereas in the energized
position, fluid flows into the test section through a flow control
valve. The flow controi. valve passes some of the total stream into
the test section, depending on the requirements of the test, while
the remaining fluid is returned to the reservoir. As previously men-
tioned, 30 gpm are available from the pump; hence, the flow control
valve governs a flow range of 0 - 30 gpm through the test section--
the operating range of the MJ-1 hydraulic cart for which the proto-
type hydroclone was optimized.

The test section of the power stand consists of a panel which pro-
vides a mounting for the test hydroclones, pressure gauges upstream
and downstream of the unit, a temperature indicator, and taps for col-
lecting discrete or continuous fluid samples. The fluid which leaves
the test section encounters a back pressure valve. This valve, a
standard ball valve, is used to maintain a high enough back pressure
on the hydroclone to prevent flashing of the fluid. A heat exchanger
Is placed in the return line of the system to cool the hydraulic fluid
so that over-heating, and consequent possible fractionation, of the
oil is avoided. A hydraulic gear motory installed in the return line,
monitors the flow rates. The fluid is filtered prior to termination
in the reservoir to remove contaminant from the hydraulic system so
this contaminant will not interfere with succeeding tests. The filter
has a nominal separation rating of 1/2 microns.

2. Flow Meter

The flow rate of fluid through a hydroclone has a significant
effect on the hydroclone's performance. The flow meter incorporated
in each hydroclone test system digitally displays the flui4 flow rate
in the power stand test section and enables the operator to adjust
the flow control valve to a specified level. This unit contains a
fixed displacement hydraulic motor with a gear mounted on its shaft. I
A magnetic pickup generates a pulse evcry time a gear tooth passes

it. These pulses are amplified and transmitted through a gating
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circuit of an electronic pulse counter, and the cumulative pulses are
displayed by the counter. The flow meter was calibrated against a
precision turbine meter in June, 194.

!
3. Contaminant Evaluation Stand

The HIAC Automatic Particle Counter was chosen for a number of
reasons. First, the operation of the HIAC is extremely simple and
easily mastered. Second, the HIAC is very well suited to the tech-
niques of laboratory analysis. Third, this counter is considerably
faster than optical methods. Fourth, the counter is completely sub-
Jective; it is free from operator bias. Fifth, the HIAC performs
particle discrimination by use of a photoelectric cell, thus elimi-
nating the need for tix.'..g the sample with other fluid having ques-
tionable contaminant levels and interactive effects. A picture of f
the HIAC Particle Counter is shown in Figure 9.

During the operation of the HIAC Particle Counter, the fluid
specimen is forced through a sampling tube into a fluid passage by
the pressure in the main system. This fluid passage is designed so
that any foreign particles in the fluid must pass single file by a
counting window. A parallel light beam is focused to penetrate tbis
window and the fluid, and finally impinges on a phototube inside the
unit. The resulting phototube output is constant unless a particle
passes the window and interrupts a portion of the light beam. Any
interruption causes a change in the output signal by an amount pro-
portional to the size of the particle.

The output signal is directed to a chopper section where it is
either sensed or rejected, depending upon whether its amplitude exceeds
the value for which the sensitivity adjustment has been set. The sig-
nals sensed by the chopper section are amplified to operate a trigger,
which provides the proper pulse to operate an electronic counter. The
particle counts registered by the electronic counters in conjunction
with a measured amount of sample fluid provide information on the num-
ber of particles per unit volume.

4. Teperature Controller

Fluid temperature is maintained within 1IF of a set point with
a Minneapolis-Honeywell 3-Mode Automatic Temperature Controller. The
final control element of this system is a motorized water valve which
regulates water flow to a heat exchanger connected in the hydraulic
circuit of the power stands. The controlling device was calibrated
by the manufacturer, and its performance was checked at the time of
its installation approximately 1 June 196.

5. Injection Stand

The injection stand is used to inject contaminant into the hydrau-
lic test system at a controlled rate. The contaminant used for the
hydroclone tests is standardized AC Fine Test Dust. The distribution
of particle sizes in this test dust is shown on the next page:
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Size (Microns) Percentage ky Weight

0 -5 39* 2%
5 - 10 135 *
10 - 20 16 5
20 - 40 18*
4o - 8o 9* 3%

The particles to be injected are mixed with hydraulic oil of the
same type used in the test stand hydraulic system to form a thin slurry.
Mixing is accomplished in a small reservoir which is equipped with a
motor-driven agitator. The uniformly distributed slurry is injected
continuously into the test unit section of the power stand while con-
tamination separation data are being taken.

"£ILi injection of the slurry is accomplished by means of an air-
oil intensifier. This intensifier has a rated capacity of 2 gpm. It
will inject fluid into system pressures as high as 5000 psi when oper-
ating with a 100 psi air supply.

C. TEST PROCEDURE

To initiate the test program, a 0.75 in. hydroclone was constructed
with the same configuration at the 1.375 in. hydroclone. That is, the
ratios of Dc/Do, Dc/Di, Dc/D and the cone angle were the same for

both hydroclones.

The parts actually constructed were the overflow nozzle, the inlet
ring, and the cone. The vortex finder and the inlet ring were machined
from aluminum. The cone was constructed by casting a polyester resin
with an aluminum powder base over an aluminum mandrel. The aluminum
powder base polyester resin is much easier to machine than the raw poly-
ester resin. The inner coatings of these cones do not have aluminum
powder mixed with it because the resin without the aluminum powder is
much harder and wears longer. The aluminum mandrels have a polished sur-
face which provides a smooth finish for the cast cone.

The hydroclone housings did not have to be constructed. Two special
hydroclone housings were available that could be disassembled and the
parameters changed easily. With these two test hydroclone housings, tests
could be conducted on hydroclones with diameters ranging from 0.75 in.
to 1.5 in.

These three parts, (the overflow nozzle, inlet ring, and cone), repre-
sent the components that musc - changed to investigate certain param-
eters. Previous investigations at Oklahoma State University showed that
a cone agle of 10' was best for the size hydroclones under investigation.
The investigations also showed that a D of approximately 1/8 D wasU C

best. That left two parameters Di and D to he checked on the 0.75

in. hydroclone. Tnis test procedure was as follows:

1. The assembled test hydroclone was placed on the hydraulic test stand.
The test stand was started and the fluid was allowed to circulate
through the hydroclone until the test temperature of 120F was reached.
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2. A measured amount of AC test dust was added to the fluid in the
contaminant slurry reservoir. The stirring motor was started to
achieve and maintain a homogeneous mixture.

. The flow through the hydroclone was regulated to a specified rate
and the contaminant injection pump was started.

L4. After sufficient time to allow steady conditions of flow, upstream
and downstream bottle samples were taken from the sample probes on
the test stand. The pressure drop was recorded.

5. The test was stopped. The parameter under investigation was changed
and steps I through 4 were repeated.

6. Later, the bottle samples were evaluated for particle counts on the
automatic particle counters.

These efficiency tests -onfirmed that the 1.375 hydroclone config-
uration was optimum. The relations were Di a Dc and Do - D c Since

the 1.375 in. and 0.75 in. hydroclones were to have the same configura-
tion, it could be safely assumed that all intermediate hydroclones should
be of this same configuration.

Once the configuration of the hydroclones to be tested was deter-
mined, the work consisted of building several hydroclones and testing
them. Six hydroclones were built; the sizes were 0.75 in., 0.875 in.,
1.0 in., 1.125 in., 1.25 in., and 1.5 in. hydroclone.

The test procedure was as follows:

1. The assembled test hydroclone was placed on the hydraulic test stand.
The test stand was started and the fluid was allowed to circulate
through the hydroclone until the test temperature of 120 0 F was reached.

2. A measured amount of AC test dust was added to the fluid in the con-
taminant slurry reservoir. The stirring motor was started to achieve
and maintain a homogeneous mixture.

5. The injection pump was started and the flow rate was set to 5 gpm.
After steady state conditions were established, upstream and down-
stream bottle samples were taken from the sample prches on the test
stand.

4. The flow rate was increased to 10 gpm and more bottle samples were
taken. The test was continued in this manner up to 5C gpm.

. The bottle L•amples were evaluated on the automatic particle counters.

When the efficiency tests were completed, considerable data had been
obtained. These tests had provided information on separation efficiency
and pressure drop at various flow tates for each hydroclone tt-ted. This
inIormation is shown in graphical form in Figure 1Q and 11. Figure '-)
is a plot of constant K for Q versus D . This graph ha& great util-c

ity since it allows selection ot a hydroclone to operate at a certain flow
rate for absolute separatiot: ot any contaminant 3f any specified size
above ý.- micron. A condition on the type of contaminant is that it must
have a specific gravity greater than that oL MIL-F-5bOu.

Figure 1c is to be used in conjunction with the equation
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Where D - the smallest particle to be absolutely separated ( in microns)P
S- viscosity of the fluid (in centipoises)

p a specific gravity of the solid to be separated

P a specific gravity of the fluid

As an example of how to use the graph, suppose that it is d,!sired to
separate all 6 microns and larger iron particles from MIL-F-5606 and that
the system normally operates at 30 gpm.

For MIL-F-5606 at 120OF - 10 centipoises

For iron P - 7.87

For HIL-F-5606 P = .855

calculating K

K Ps " P,

61 7s87 - .855
K DV

10

S5.03

From the graph at 30 gpm and K - 5.03, it can be seen that a 1.30 in.
hydroclone will be needed. From Figure 11 the pressure drop is seen to
be approximately 500 psi.

V. RESULTS AND CONCLUSIONS

A general design criteria has been established for hydroclones in the
range of flows from 5 to 30 gpm. By knowing the size and density of the
particle to be absolutely separated and the flow rate at which the hydro-
clonz is to operate, the critical dimensions of the hydroclone can be deter-
mined. The power requirements for thiq hydroclone can also be determined.
A physical dimension table for the hydroclone relating the design curves
with conventional filters of comparable size is given below:

Physical Dimension Table

K Dp

D " f (Q, K) from Figure 10C

D i = D Dc
Vo •Vc

D - 1/8D
UJ C

p = 100
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List of Symbols

Dc a major cone diameter, inches

Di - diameter of inlet nozzle, inches

D - diameter of overflow nozzle, inchns

D - diaieter of underflov, inches
U

S- included cone angle, degrees
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SECTION IX

DYNAMIC HOSE STUDY

A. INTRODUCTION j

Contract AF 33(657)-9958 No. 2 required Oklahoma State University to
design and fabricate appropriate test facilities and to perform dynamic
generation tests. Analytical design procedures were used to develop a
test stand that would transmit an actual transient pressure wave to the
hose being tested. Equipment was purchased and the stand was constructed
in the Fluid Power Controls Laboratory. Also, it was required to pro-
cure commercial hose assemblies and install t2tm on a standard hydraulic
test stand at Tinker AFP for a deterioration phase study. Comparable
polytetrafluoroethylene-lined and rubber-lined hoses were procured,
installed, and periodically tested by project personnel.

Further, the contract stated that static tests on these hoses were
to be conducted to determine the original cleanliness level (built-in cor-
tamination). These tests were performed on the hoses as they were received
from the manufacturer. The particle generation characteristics of the
hoses under transient pressure condition were to be determined by using
the dynamic test facility. The hoses were subjected to low pressure static
and dynamic tests before they were put into field service. High pressure
tests were performed after some deterioration had taken place. It was
required that periodic dynamic tests would be performed in the laboratory
on the field deteriorated hose assemblies. One polytetrafluoroethylene-
lined hose and one rubber-lined hose were iamediately started on the dete-
rioration phase of the study while the other two hoses were dynamically
tested at low pressure in the laboratory. Two series of high pressure
dynamic tests were performed on the first set of hoses and one on the
second set.

B. THE DYNAMIC HOSE FACILITY DESIGN

To take advantage of all previous experimentation in this field :f
study, an intensive literature survey was conducted. This investigation
provided valuable background data, although it was discovered that the
concept of dynamic contaminant generation had not been previously exam-
ined.

1. Analytical Considerations

The concept of particle generation due to transient pressure pul-
sations was evolved from several other methods for fatigue testing of
hydraulic hoses. This method of pressure pulsation was thought to
involve the worst pos'ible field application that a hose would incur.
The following analytical considerations assisted In defining the mode
of pulsation needed to develop the test stand.

The hydraulic natural frequency of the test system can be derived
by construction of its analogous mechanical system. Figure 12 shows a
schematic of the hydraulic test system and its mechanical analogy.

'4,



"i~

0

i "4

1I "

4. 3

iw



The natural frequency of the mechanical system is

mLM J (9.1)a

where K, and a2 * mechanical spring constants,

M - mass of mechanical system.

In the hydraulic system, the hydraulic spring constants, due to the
compressibility of the fluid, can be expressed as follows:

2

V, (9.2)

and
A20

S2 (9.3)
V2

Substituting these values of K1 ' and K2' into Equation 9.1, we can
express the natural frequency of the hydraulic system as follows:

2 2An A2 _

f2 T H(~ L (9.4)

where 0 - bulk modulus of fluid,
M a mass of piston and enclosed fluid,
V, = volume of fluid displaced for positive stroke,

V2  a volume of fluid displaced for negative stroke,

A, - large area of cylinder,

A2  a small area of cylinder.

If the hydraulic system shown in Figure 12 were excited by a sinusoidal
oscillation at this frequency, hydraulic resonance would occur and
could result in large fluid oscillations. These oscillations, depend-
ing upon the inherent damping of the system, could result in serious
damage to the system components.

The variables in Equation 9.4 are explicitly Jefined once the
system parameters are specified. Therefore, a dynamic test facility
that would be capable of producing pressure pulsations in the fre-
quency range specified by Equation 9.4 might be advantageous.

Since the hydraulic hose was the component tested, it was &lso
helpful to try to determine the natural frequency of just the hydrau-
lic hose. From the solution of a well-known wave equation, the funda-
mental natural frequency of a hydraulic hose can be determined. This
frequency equationt derived by Den Hartog (6), i4 as follows:

h 1-[ J ()
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where E = modulus of elasticity of the hose,
p 0 density of the hydraulic hose,
L a length of hydraulic hose.

The disadvantage of Equation 9.5 is that the natural frequency of the
hose cannot be explicitly determined for a certain type of hose. All
the values in the expression 9.5 can be readily obtained for a hydrau-
lic hose expect its modulus of elasticity. A true modulus of elastic-
ity for a hydraulic hose does not exist. Most high pressure hoses
are made of several layers of ruhber, nylon, teflon, or other materials,
with a high pressure Rhell of steel wire braid on the outside. Due to
the complexity of such a hose, an exact moaulus of elasticity is unob-
tainable. At the present time, the only applicable use of Equation
9.5 to finding the natural frequency of a hydraulic hose is to define
an effective modulus of elasticity. This effective modulus of elas-
ticity for the hydraulic hose was calculated with the aid of Lames'
(3) equation for thick-walled cylinders:

E - 2 (9.6)
h E 2 - d2

where Eh a hoop strain on the outer surface of the hose,

Pi M internal pressure,

d - inside diameter of hose,
D = outside diameter of hose,
E - modulus of elasticity,
P Poisson's ratio of the hose.

By solving Equation 9.6 for E and determining Eh and 4 from

experimental hose data, the value of the modulus of elasticity of the
hose was determined. The value of Eh was determined by relating the

strain to the change in diameter of the hose under pressure by the
following relationship:

Df - D

Eh O (9.7)

where Df M final diameter of hose at system pressure,

D - initial diameter at zero pressure.

The hoop strain was then determined from Equation 9.7 by measur-
ing Df and Di from experimental hose tests. Likewise, Poisson's

ratio was calculated with the aid of experimental hose tests from the
following equation:

E h

K (9.8)
a

where E * axial strain.
a
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When the values obtained from Equations 9.7 and 9.8 were substituted
into Equation 9.6, the effective modulus of elasticity for a one-inch
high pressure teflon hose at 1000 psi was found to be 9 x i0 psi.
This value was only approximate since large errors could have resulted
due to the experimental determination of the hoop strain and Poisson's
ratio. Although an accurate value of the modulus of elasticity of the
hose could not be determined by this method, an important result was
generated from this approach. When the hoop strain was calculated for
various pressures, it was found that the strain was not a linear func-
tion of pressure. Therefore, the modulus of elasticity of the hose
was not constant but varied nonlinearly with pressure. This is par-
ticularly interesting when reference to Equation 9.5 shows that the
natural frequency of a hydraulic hose must depend upon the pressure
of the hydraulic system. This phenomenon can be explained if the hose
itself is analyzed from a standpoint of its construction. As mentioned
previously, the structure of most high pressure hydraulic hoses is
quite complex, consisting of several inner layers of rubber or teflon
with a ste,1 wire braid on the outside. At low pressure, the bulk of
the system pressure is absorbed by the inner core of the hose. As the
pressure is increased, the inner core is completely compressed; and
the hose approaches a thick-wall cylinder of steel wire braid. There-
fore, at low pressures, the modulus of elasticity of the hose is
approximately equal to the modulus of elasticity of the inner core.
But as the pressure increases, the modulus of elasticity of the hose
approaches the elasticity of the steel wire braid.

The magnitude of the increase in natural frequency due to this
change in modulus of elasticity of the hose with system pressure depends
upon the compliance characteristics of the system. In some systems
where high pressure steel wire braid is used, the increase in natural
frequency for a large pressure rise could be quite significant.

It is obvious from this discussion that a comprehensive analyti-
cal solution to the problem of calculating the natural frequencies of
hydraulic hoses was not possible. Certain analytical approaches to
help facilitate the design of the dynamic hose stand were possible,
and they will be presented in the following pages of this chapter.

The pressure response and the Vressure overshoot of the dynamic
test stand depended upon the compliance characteristics of the system.
Therefore, in the complete analysis of the dynamic test stand that
followsp all possible acctmulator effects were considered to accurately
determine their effect on system pressure response. Reference to the
dynamic test system shown in Figure 13 will aid the reader in this
analysis.

Since the dynamic test stand consists of a test system and a
power system, the analytical analysis of each system will be presented
separately. Considering the test system first, we have the following
relationship:

1 2 + Qa + Q + Qc QL (9.9)

where Q, - flow into front side of cylinder,
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O2 - flow into back side of cylinder,

Qa - accumulator flow,

Qh a hose accumulator flow,

Qc a compressible flow,

QL . leakage flow.

Substituting the system parameter relationships for these different
flow rates into Equation 9.9, we have the following differential equa-
tion: I

[A1 - A]I dt- [Ca + Ch + cc] d (9.10)1)

where C a accumulator compressibility term,
a

C = hydraulic hose compressibility constant,
h

C - fluid compressibility constant.
c

The leakage flow rate, QLV has been neglected since its value is

small compared to the other flow rates. The different system compli-
ance terms used in the differential Equation 9.10 are defined as
follows: 2

a P1VT

C *A (9.12)h -

and
VCc - (9.15)

where V T total volume of accumulator,

V c accumulator oil volume,

V - volume of fluid under compression,
P1 - air precharge pressure of accumulator,

A - area of hydraulic hose.

The accumulator compliance term, C, shown in the expression above,

is for a hydro-pneumatic accumulator. If a spring-piston accumulator
had been used in this analysis, the compliance term would be

A 
2

C -C (9.14)
ap, K

where A - area of piston,

K w spring constant.
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The more cc.mmon hydco-pneunatic accumulator wlvI be used in this analy-
sis.

Writing Equation 9.10 in LaPlace form and solving. for the pressure,
we have

P(s) X() (9.15)
Ca +C+Cc

where A - A1 - Ae.

Since the input X(s) imposed on the test system by the servo-controlled
power cylinder is sinusoidal, we can let

X(t) - x. sin Wt. (9.16)

Taking the LaPlace transform of the input, we have

xou

X(s) - • (9.17)

where W - driving frequency of the servo valve,

X 0 maximum amplitude of sinusoidal input,

S = LaPlace operator.

Substituting Equation 9.17 into Equation 9.15, we obtain

(s)0
C +Ch+c S+ (9.1

Taking the inverse of Equetion 9.18 and evaluating the initial condi-
tions, we obtain the pressure in the test system as a function of
time:

P(t) - P sin Wt + P (9.19)0 S

where P - initial pressure of test system,s

P 0 overshoot pressure of test system.0

From Equation 9. 19, we can see that the pressure pulsations in the test
system are oscillatory with an amplitude of P0. The value of the over-

shoot pressure P can be obtained from Equation 9.18. The value is0

ix
Po C a + Ch+ Cc (9.20)

Therefore, the pressure pulsations in the test system consisted of an
oscillatory pressure superimposed on a constant precharge pressure.



In order t,, be -3hI, to a-,curatf I control the over sh,'ot press:ire,
we wl I further analyte the os•. illatiofc amplitude of Equation 4.,-,.
From tb- power system, assuming constant pressure drop across the servo
valve during its com1lete cycle, we hsve the following relationship for

the maximum stroke:

x (9. ?)
o 2A f

where Q - average flow rate of servo valve over • cycle,

A - area of servomotor,
p

f - frequency of servo valve. I
Combining expressions 9.11, 9.12, 9.13, 9.20, and 9.21, we have the
following result for the overshoot pressure: A,!

pAf [i (9.22)

p r~vz z S_j

For positive stroke, the servomotor moving toward the right, the accu-
mulator volume V can be expressed as follows:

C

VA (9.2 5)c 2_Af
p

Substituting Equation 9.23 into 9.22 and expanding, we have the final
result for the overshoot pressure as follows:

P = - AQ (9.24)
4A fT2 IpfVTQA + Q-2  2 Lf 2Af N

+2IT P 2vV~f E

It can be shown that the first term in the denominator of Equation
9.24 is considerably larger than the other two. Therefore, if a hydro-
pneumatic accumulator were used in the system, the compliance terms
fur the fluid and the hose could be neglected. Eliminating these terms
from Equation 9.24, we have the overshoot pressure expressed as a func-
tion of only the hydro-pneumatic accumulator characteristics:

Po0 F"v T QA (9.25)

p T VTQ 2A Af
, . P

Equation 9.25 expresses the overshoot pressure for any given set of
system parameters. Since Equation 9.25 is time invariant, the over-
shoot pressure will be a constant for any set of system values.



It is now desired to anaiyze Equation . with respect to flow
rate in order to determine if a hydro-Dneumatic accumulator wili pro-
vide a sufficient overshoot pressure. For the prPssure pulsation test-
ing of the hydraulic hoses, a minimum of 50 psi overshoot preq,.r• was

desired.

In order to obtain the largest value ot P for a certain flow

0
rate and frequency, it can be seen from Equation 9.25 that P, and
should be as large as possible while V and A should be as smallT p
as possible. Therefore, selecting the emallest standard accumulator
and actuator with the largest recommended air precharge value, the
minimum servo valve flow rate capacity can be calculated from Equation
9.25. The values used for this calculation were:

V1  - 1.5 in 3

P1  - 1000 psi

A - .30 in2

A - 1.459 in2

f - iOO cps

When these values wPrP sibqtitted into Equation 9.,5, it was found
that a servo valve flow rate of 100 gpm was needed to produce 50 psi
overshoot in the tebt system. Since this was obviously not feasible,
it was concluded that a hydro-pneumatic accumulator could not be used
to contrel the pressure pulsations in the test system. A similar
analysis was performed using a spring-piston accumulator. Although
the flow requirements of the servo valve were less demanding, they
were still of such magnitude that it would not be feasible for a study
of this type.

Therefore, in order to obtain the desired presqure pulsations,
it was necessary to consider only the compliance characteristics of
the hydraulic hose and the fluid. Deleting the accumulator from the
test system, the resulting expression for the overshoot pressure is

P 0 (9.26)
0 2A f[L +

Substituting this expression into Equation 9.19, we have the result-
ing equation relating the press-lre in the test system as a function
of time.

P(t) AQ+ sin Wt + P (9.27)

P LE 5

where A , A1 - A in2,)
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Q - average flow rate, in 3 /sec,

A * area of servomotorY in2

p
f * frequency of servo valve, cpsY

A - area of hydraulic hose, in 2 ,

L * length of hydraulic hose, in.,

E - modulus of elasticity, lb/inS,

3V a volume of fluid under compression, in ,

- bulk modulus of fluid, lb/in2 ,

P = initial precharge pressure, lb/in2.,

This equatior 4as used throughout this study to control the pressure
pulsations imposed on the hydraulic test hoses at various frequencies.
Also. from experimental pressure readings in the test circuit, Equation
9.26 can be arranged as follows to determine an exact value for the
modulus of elasticity of the hydraulic hoses:

E AL (9.28)

2ApfPo

Since all the values in Equation 9.28 are known from the system param-
eters except P -- and it can be obtained experimentally--then a value

o

for the modulus of elasticity can be calculated. Notice also, in
Equation 9.28, that the modulus of elasticity of the hose is a func-
tion of pressure as mentioned earlier. Therefore, substituting Equation
9.28 into Equation 9.5, an exact relationship can be obtained for the
fundamental natural frequency of a hydraulic hose.

2. Design of the Test Stand

A dynamic test facility was built in accordance with the analyti-
cal development presented. This test stand has a flow capacity of 10
gpn, with operating pressures up to 2000 psi.

The dynamic hose test stand consisted of two systems--a power
system and a test system (Figure 13). The power system consisted of
high frequency servo valve driven by an electronic oscillator. The
oscillator was used in conjunction with a null balance circuit to
drive the servo valve at the desired frequency (Figure 14). The servo
valve drove a linear servomotor which in turn provided power to an
auxiliary test system. The auxiliary test system was connected to
the power system through two hydraulic cylinders.

rhe test system consisted of a single-rod end hydraulic cylinder
equipped with special cast iron piston rings to insure low-stiction
operation at high frequencies. The output ports of the hydraulic
cylinder were connected directly to the hydraulic hose to be tested.
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Figure 14,. Electronic Schematic for Dynamic Hose Study.
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The instrumentation in the test system consisted of a variable-
reluctance pressure tr3nsducer. The pressure transducer was used to
record the pressure trdnsients imposed upon the hydraullc test hose
by the single-rod end cylinder. The output of the pressure transducer
was modulated with a high frequency carrier wave. The output of the
modulator was then displayed on a cathode-ray oscilloscope (Figure 15).

The operation of the dynamic test facility depended upon the
operation of two separate systems. As the frequency of the servo valve
was adjusted by the electronic oscillator, the servomotor responded
under pressure to this frequency. The oscillatory output of the servo-
motor was transmitted to the hydraulic cylinder of the auxiliary test
system. Because oi the single-rod end cylinder used in the test sys-
tem the pressure within the teat system varied sinusoidally with time.
The amplitude of this sinusoidal preesure pulsation depended upon the
frequency and flow rate of the servo valve and also upon the total com-
pliance of the test system. Since the compliance of the system was
constant fvc a certain hose, the amplitude, within f!ow and frequency
range of the servo valve, could be simulated.

The reason for designing the dynamic test facility to involve two
different systems was twofold. First, in order tc detect the most
minute contamination generated by the hydraulic hose, it was essential
for the system in which the test hoses were to be operating to be as
clean as possible. If just the power system were used alone, a large
amount of fluid would have to be filtered in order to obtain the ini-
Liel stringent contamination level needed Lo perform the hose tests.
Since the test system itself only contained a small volume of fluid,
the problem of background filtraticn was greatly simplified. Second,
the use of an auxiliary test system would provide tbp opportunity to
study the deterioration of hydraulic hoses by investigation with other
fluids. Also, the simplicity in the design of the test system greatly
reduced the possibility of generating contamination from other compo-
nents.

In order to establish the contaminant generation characteristics
of hydraulic hoses, a comprehensive test procedure first had to be
adapted. Since the particle size of the contaminant generated might
be quite small, the test procedure contained stringent cleanliness
requirements. Also, careful consideration was given to fint- the genera-
tion characteristics of all the components in the test system itself.
Since this study only involved the particle generation of hoses, the
contaminant generated by the other system components was separated from
the particle generation of the hose. As mentioned previously, the test
system was purposely designed to minimize over-all system contaminant
generation.

Particle generation in the test system, due to the baHl valve@
and the pressure transducer, was very small compared to the contaminant
generated due to the hoses and the hydraulic cylinder. The exact amount
of contaminant generated by the hydraulic cylinder was not known; but,
because of the continual metal-to-metal contact that exists within a
cylinder throughout its stroke, it must be considered to be of signifi-
cant magnitude in regard to the contamination generation of the hydrau-
lic hose. Therefore, this contamination generation due to the hydraulic



cylinder was analyzed in order to determine what corrective measures,
if any, needed to be taken into account in the testing procedure.

Assuming the hydraulic cylinder to be a contaminant generator,
it was necessary to prove whether the contaminant generated by the
cylinder presented a problem as far as detecting the actual contami-
nant generated by the hose. The maximum stroke cf the cylinder in
the test system was given by Equation 9.21 and will be rewritten here
as follows:

X Q -(9.21)
2A f
p

Multiplying Equation 9.21 by A,, we obtain the maximum volume of
fluid displaced by the cylinder for a positive stroke.

V a 2A- (positive stroke) (9. 2ý9)max 2 fA
p

Likewise, the maximum volume displaced for a negative stroie is:

V " f (negative stroke) (9.50)max f

since A - Ak: in the dynamic test stand. Only thc positive strokep
is considered since the volume di!ýplaced will be larger than for the
negative stroke. For the test system shown in Figure 15, the follow-
ing values exist:

A, a 1. 766 in2

k- " A .1 . 45 9 inLI

QWx " lo pgm

fmin 0 100 cps.

When these values are substituted into Eq'aation 9.29, the maximum vol-
ume of fluid displaced dtring a test was

lv x -Iain x 2.al in• 1

max -

(..) (l .V cps)

V - .e5 in3

Since all the contaminant generated by the cylinder was produced within
a stroke less than 1/4 in. and the total volume displaced was only ."5



in 3, the contaminant generated within the cylinder can never reach the
hose test section. This is a good conclusion since the oscillating
fluid flow involves amplitudes of only .25 in3 . Since the pressure
reversal and flow oscillations occurred in such a short volume, it wa:
assumed that the contaminant generated by the hose was not affected
by contamination generated in the rest of the system. Likewise, the
particles generated in the hose section remained in this section
throughout the hose test due to this small oscillatory flow,

Another problem that muRr hp considered in order to accurately
monitor all the contaminant generated by the hcse is that of particle
migration. The above paragraph showed that the particles generated
within the hydraulic cylinder were not propelled into the hose sec-
tion due to oscillatory flow, but what about the migration of parti-
cles out the end of the hose when a test is completed? This migration
can be calculated using Stoke's equation. Assuming that the particles
generated are spherical, it can be shown that the drag force is equal
to the submerged weight of the particle. In this case, the terminal
fall velocity of the particle from Stoke's equation is

dwv - (9.51)

where d - diameter of particle,

, dynamic viscosity of fluid,

w a difference between the specific weight of the fluid and
the particle.

Using the standard AC test contaminant with a diameter of lu.x2 microns
in MIL-F-c,[t:j fluid, the terminal fall velocity calculated from Equa-
tion :1.l is .05 in/sec. Therefore, if the main ball valves are closed
immediately after a test, the contamination migration through tre ends
of the hose can be neglected.

Based on the preceding reasoning, it was assumed in this study
that any particles trapped in the hose section during a test were gen-
erated entirely from the hose itself.

5, Test Specimens

Four, 1 )-foot hose assemblies were purchased. Two had polytetra-
fluoroethylene interliners and conformed to MiL-H-ýt- >-AI!. The other
two hoses were similar but had rubber interliners. Upon receipt the
hoses were labeled TI and T2, and RI and R. for the polytetrafluorQ-
ethylene lined hoses and rubber hoses, respectively. Set 1 consisted
of hoses TI and Rl, while Pet ,i consisted of hoses T,, ae- R.V.

4. Testing Program

(a) Static Tests

As each hose was received from the manufacturer, it was stat-
ically tested to determine its initial cleanliness (i.e. the con-
taminant which it would introduce into a system operating at a



constant low pressure). The procedure was developed after a
study of !ndustriai procedures. The procedure used to perform
the test is summiarized as follows:

(1) Each end fitting of the hose assembly was subjected to the
ultrasonic cleaner.

(2) Eight hundred ml of triple-filtered MIL-F-5606 was Rdmitted

to the hose.
(5) The hose was bent s specified number of times and emptied.
(4) The hose was rinsed twice with triple-filtered petroleum

ether.
(5) All the fluid which had been drained from the hose was ana-

lyzed gravimetrically and microscopically.

To determine the probability of error caused by chemical
attack of the rubber interliners by the petroleum ether, a segment
of an interllner was soaked in petroleum ether for 10 min. and
examined before and after microscopically. No puffing, pitting,
or other surface damage was observed.

(b) Dynamic Tests

Hoses were dynamically tested on the dynamic test stand to
measure the contamination which could be "milked" from the pcres
of the interltner und also the contfaination generated by the
interliner itself. These tests were run -n new and deteriorated
hoses and were run at both high and low pressures. The proceditre
used to perform these tests is briefly summarized as follows:

(1) The hose was washed three times with triple-filtered petro-
leum ether.

(2) The hose 4as filled with triple-filtered MIL-F-5606.
(5) A 500 ml background sample was drained from the hose. and

the hose was refilled with triple-filtered MIL-F-56(X.
(4) The hose was mou:ted on the test stand and the test performed.
(5) Aftei the test period, the hose was removed from the stand

and a 500 ml sample taken.
(6) The sample was analyzed gravimetrically and microscopically

with corrections made for any background error.

There was no migration of contaminant in the hose due to the
small amplitude of oscillation of a particle in the hose. The
sampling technique used eliminated the possibility of sampling
contaminant generated by the ball valves. A stainless steel
jumper pipe was used instead of a hose on the stand to prove the
sampling procedure.

The gravimetric difference of the background sample was sub-
tracted from the weight ,f the generated contaminant insuring that
only the weight of the contamiinant was measured and all procedural
errors were compensated for. Therefore, the procedure provided an
accurate means of measuring the amount of contaminant generated
under known transient pressure conditions.

The deterioration phase of the testing was formulated to
examine the secondary generation characteristics and reloading
cnaracteristics of the hoses. Over a petiod of six and one-half
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months only 30 hours of service time were recorded while the hoses
were mounted on hydraulic test stands at Tinker AFB.

C. RESULTS
Ti RI T2 R2

Built-in Contaminant, mg/i 2 O.Q
(from static tests) 26.81 5.07

Particlo Generation New Hoses, mg/l .66 7.76

'from low pressure dynamic tests)

Largest interliner pa-ticle, 200 200
microns

Particle Generation Deteriorated
Hoses

(from high pressure dynamic tests)

Series # I

Gravimetric, mg/l
First Test 137.58 130.0 4.22 0
Last Test 8.52 5.12 0 -

Microscopic, micron
First Test 900 1000
Last Test 150 120

Series # 2

Gravimetric, mg/I
First Test 11.14 5.40
Last Test 0.58 0.78

Microscopic, micron
First Test 150 200
Last Test 30 200

Figure 15 shows the plot of the gravimetric analysis results for the
high pressure dynamic tests of hoses Ri and Ti in Seri- Il. It can be
seen that hose RI approached a higher level of cleknliness more readily
than did hose TI. This is reasonable since hose Ti had a more porous inter-
liner and had seen longer service than had hose Ri. Figure 16 shows the
microscopic evaluation of the same series of tests. The curves show that
the largest particle "milked" from each hose was roughly the same size for
each corresponding pair of cleanings. The curves plot into straight lines
on log-log paper.

0. CONCLUSIONS

It can be concluded that the cleaning process used by the manufacturer
was not adequate to protect closely toleranced hydraulic systems in either
the case of polytetrafluoroethylene or rubber-lined hoses. While the rub-
ber hose could be cleaned more quickly from a gravimetric (volume gener-
ated) standpoint, it required the se number of cloanings as did the
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Figure 15. Gravimetric Analysis of Fluid From Hoses Used in
the Dynamic Hose Study.
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polytetrafluoroethylene-lined hose to establish a small particle size gener-
ation characteristic.

While both types of hoses were found to reload after deterioration to
a certain extent, it was indicated that a hose which had been cleaned by
dynamic pressure pulsation would generate far fewer and far smaller par-
ticles than one cleaned by conventional methods. Microscopic studies
showed dirt and metallic particles, as well as particles of the interliner
material in the test samples, indicating that particle generation and pore
extrusion were present as mechanisms of contaminant production. Samples
from hoses which had undergone several cleanings showed only traces of
interliner material, indicating that once a hose has been dynamically
cleaned, a higher energy level is required to "milk" more particles from
the interliner.

E. RECOIOMNDATIONS

Several phases of this investigation seem applicable to further study.
The existing test stand could be modified to produce a lArger peak-to-peak
pulse at a higher frequency; and, thereby, a more extreme test could be
conducted. This could be implemented by redesign of the power system to
provide 000 psi supply pressure, which would increase the peak-to-peak
pressure and improve the frequency response using the exioting servo-valve.
If a larger servo-valve were purchased, a higher peak-to-peak pressure
output could be obtained at 2000 psi supply pressure if the valve had a
sufficient frequency response.

The optimum energy level which could be used most economically and
efliciently to clean a hose to a specified level of cleanliness should be
determined. Also, the natural frequency of the hose cannot be strictly
defined analytically so an empirical study of this will be helpful in
determining the optimum energy level for cleaning.

A microscopic examination of the interliner surfaces could be con-
ducted at various stages of deterioration and cleaning. A modification
of production techniques could possibly lead to an initially cleaner hose.
Hydraulic system components other than hoses could be tested with tran-
sient pressure pulsations.
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SECTIOI' X

RESULTS AND CONCLUSIONS

The research conducted under the supplemental agreement No. 2 of contract
AF 3j(657)-9958 has successfully achieved the objectives outlined in the Work
Statement. The laboratory and field test program on the prototype hydroclone
has conclusively shown that an optimum designed hydroclone will reduce the
contaminart level of a field hydraulic system below that which can be achieved
by conventional filtration methods and more importantly maintain this rediced
level during flushing operations. Quantitative results from field samples
clearly indicate that gravimetric contamination levels are reduced by two-
thirds over existing low micron filtration on current hydraulic stands.
Furthermore, the utility of the hydroclone for removing important wear par-
ticles such as iron, bronze, etc., is inconparable. From a contaminant capac-
ity standpoint, the hydroclone has no rivals. The field tests have demonstrated
that the maintainability of the hydroclone is compatible with base level opera--
tions throughout the Air Force.

An important aspect was discovered during the field test program concern-
ing flow rate requirements for flushing operations. The 30 gpm flow rate for
which the prototype hydroclone was designed is not appropriate for current
flushing procedures. A considerable effort was made to establish exactly what
flow rates are currently being used in flushing operations. Based on a survey
by project personnel, it was found that 15 gpm was compatible with aircraft
systems in general. Therefore, the flow rating of the prototype hydroclone
tested under this contract did not meet the flushing requirements of field
Air Force Maintenance personnel. As a result. the determination of the service
life, reliability, and endurance limits of critical components of the hydro-
clone were limited because of the low flow rates used in the field. It is
strongly recommended that a reappraisal of the needs of the Air Force be con-
ducted and a 15 gpm hydroclone be designed and field tested.

The design criteria curves developed during the current contract have
established the general physical dimensions for optimum performance of hydro-
clones with respect to separation efficiency and pressure drop. These curves
will be invaluable for developing hydroclones more compatible with field
operations. Furthermore, the design curves can be utiliztd in the design of
hydroclone needed for parallel operations where pressure drop requirements
are stringent. It has been shown from the hydroclone studies that with the
proper selection of materials the service life of the hydroclone should out-
last the test stand upon which it is installed.

An extensive laboratory program was conducted to compare the character-
istics and performance of the hydroclone with that of a conventional filter
conforming to NIL-F-Y)7656A (USAF). This program has revealed the inherent
features of each filtration unit and has verified the information obtained
from the field study. It has been conclusively shown by the test results
that the hydroclone can reduce the contmination level of the systm to 0
degree far exceeding a conventional filter. This can be explained by the fact
that the hydroclone exhibits an effective separation efficiency for contami-
nants below the micron rating of conventional filters. Although this separa-
tion efficiency may not be 100 percent at the micron rating of the conventional
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filters) the effectiveness of the hydroclone at low micron sizes produces a

A low contaminant level in fluid systems.

The dynamic hose study pursued during this contract has resulted in the
development of a unique and effective technique for the cleaning of high pres-
sure hose assemblies as well as other components of a system. The pulsating
fluid concept has been shown to "milk out" the contaminant from interstices
of the component. This cleaning method gives clean components that would
normally slough conLaminant in operating systems. Further- re, the dynamic
met,.d , o gave -rer!ne nf ohtaining quantitative compari-

sons between material used in the fabrication of high pressure hose assembiies.
The employment of dynamic tests such as the one used in this investigation
offers great promise for achieving ultra-clean components in the future and
is worthy of future study and investigation.
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This report includes a description of the installation of the
prototype hydroclone on standard hydraulic test stands as a means of

upgrading the decontamination capabilities in USAF ground support
equipment. The acquisition of hydraulic fluid samples from the field

installations and the laboratory tests of these samples are discussed
along with a comprehensive technical comwent on the results of the
various analyses. A comparison of filtration performance of the hydro-

clone and the final filter presently being used on the hydraulic test

stands is presented. Studies on field test units are presented herein

which were conducted to determine Lhe maintainability, compatibility

endurance limits, reliability, and service life of the hydroclone and

its critical components. A recommended test procedure is presented
for the verification of hydroclone performance and the establishment

of qualification requirements for quantity production. General design

criteria curves for optionm hydroclones are given which can be jsed to
design a hydrocinne, using MIL-F-564Y5 hydraulic fl-.id, to separate
specific sizes and densities of various contaminants found 'In USAF
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15. ABSTRACT (cont.)

of high pressure hose -•serblies and the cleaning of new hose assemblies
is presented along with the contaminant generating characteristics of
high pressure hoses constructed of various materials. (U)


